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Abstract 46 

Neuronal activity plays critical roles in the development of sensory circuits in the 47 

mammalian brain. Experimental procedures are now available to alter the function 48 

of specific taste transduction pathways and have been especially useful in studying 49 

how stimulus-specific taste activity influences the development of central gustatory 50 

circuits. We previously used a mouse knockout model in which the transduction 51 

channel necessary for sodium taste is removed from taste bud cells throughout life. 52 

In these knockout mice, the terminal fields that carry taste information from taste 53 

buds into the nucleus of the solitary tract (NST) fail to mature, suggesting that 54 

sodium-elicited taste activity is important for the proper development of central 55 

gustatory circuits. Here, we tested the hypothesis that the development and 56 

maintenance of the dendritic architecture of NST relay cells, the primary 57 

postsynaptic partner of gustatory nerve terminal fields, are similarly dependent 58 

upon sodium-elicited taste activity. The dendritic fields of NST relay cells, from adult 59 

male and female mice in which the -subunit of the epithelial sodium channel 60 

(ENaC) was conditionally deleted in taste bud cells throughout life, were up to 2.4x 61 

larger and more complex than that of age-matched control mice. Interestingly, these 62 

differences in dendritic architecture did not appear until after the age when 63 

terminal fields begin “pruning” – after postnatal day 20. Overall, our results suggest 64 

that ENaC-mediated sodium taste activity is necessary for the maintenance of 65 

dendritic fields of relay cells in the gustatory NST.  66 

 67 
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Significance Statement 68 

Neural activity plays major roles in the development of sensory circuits in 69 

the mammalian brain. Here, we tested if loss of sodium taste activity throughout 70 

development impacts the dendritic development of cells that relay peripheral taste 71 

information to more central structures -- in the nucleus of the solitary tract (NST). 72 

We found that the dendritic fields of NST relay neurons in mice without sodium 73 

taste activity throughout development increased in size at about the age that normal 74 

“pruning” occurs in gustatory nerve terminal fields. Our findings suggest a novel 75 

role for sodium taste activity in the maintenance of NST relay cell dendritic 76 

architecture, and highlight a level of plasticity not seen in other sensory systems. 77 

 78 
Introduction 79 

Neuronal activity plays important developmental roles in both subcortical 80 

and cortical sensory circuits (Brunjes, 1994; Cang et al., 2005; Lee, 2005; Leake et 81 

al., 2006; Guido, 2008; Sun et al, 2017). For instance, developing visual circuits in 82 

the dorsal Lateral Geniculate Nucleus (dLGN) are shaped by both spontaneous and 83 

visually-evoked activity in the retina (Katz and Shatz, 1996; Hooks and Chen, 2006).  84 

Removal of this activity has several effects on developing dLGN circuits in 85 

preventing the pruning of retinal ganglion cell terminal fields (Katz and Shatz, 1996; 86 

Stellwagen and Shatz, 2002), inhibiting synaptic refinement (Hooks and Chen, 87 

2006), and altering both dendritic morphology and physiology of postsynaptic 88 

thalamocortical relay cells (Wiesel and Hubel, 1963; Friedlander et al., 1982). Thus, 89 

neural activity regulates multiple aspects of the developing visual pathway even at 90 

the first synaptic relay in the brain.  91 
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By comparison, less is known about roles neural activity play in developing 92 

subcortical gustatory circuits – areas important in regulating feeding and motivated 93 

behaviors (Spector and Travers, 2005; Spector and Glendinning, 2008). Terminal 94 

fields of nerves that carry gustatory information from taste buds to the brain 95 

undergo substantial activity-dependent refinement throughout early life, similar to 96 

developing retinogeniculate terminal fields in the dLGN (Katz and Shatz, 1996; Sun 97 

et al., 2017). Initially, chorda tympani (CT), greater superficial petrosal (GSP), and 98 

glossopharyngeal (IX) terminal fields in the rodent nucleus of the solitary tract 99 

(NST) are large and overlap extensively (Mangold and Hill, 2008). Throughout 100 

postnatal development these terminal fields are “pruned” into a smaller, more 101 

segregated organization (Sollars et al., 2006; Mangold and Hill, 2008; Zheng et al., 102 

2014). This anatomical development occurs in tandem with a nearly two-fold 103 

developmental increase in the magnitude of salty-taste responses (and to a lesser 104 

extent sweet-taste responses) in the CT (Yamada, 1980; Hill and Bour, 1985; Hill, 105 

1988; Zheng et al., 2014), suggesting increases in peripheral input regulates 106 

terminal field “pruning”. Sun et al. (2017) confirmed this relationship by using mice 107 

in which the channel that transduces salty taste stimuli, the epithelial sodium 108 

channel (ENaC), was genetically deleted from taste bud cells throughout an animals’ 109 

life (ENaC KO mice) (Chandrashekar et al., 2010; Sun et al., 2017). These ENaC KO 110 

mice had significantly diminished CT and GSP nerve responses to NaCl, did not 111 

exhibit normal appetitive licking behaviors to NaCl, and had large, overlapping, 112 

unrefined CT and GSP terminal fields in adulthood (Chandrashekar et al., 2010; Sun 113 

et al., 2017). Interestingly, removal of ENaC activity in adulthood, after terminal 114 
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fields reached maturity, reverts the terminal field organization to a large, 115 

overlapping, and immature state (Skyberg et al., 2017). Therefore, salt taste activity 116 

from a single transduction pathway is necessary for the proper development and for 117 

the maintenance of gustatory terminal fields in control mice.  118 

Given the large effects that removing sodium salt taste has on gustatory 119 

terminal fields, one might expect removing ENaC-mediated neural activity would 120 

also affect their postsynaptic targets that send afferent taste information to more 121 

central structures.  A few studies suggest a role for taste activity in the development 122 

of dendritic architecture of NST relay cells, the primary postsynaptic partners of 123 

gustatory terminal field; however, these studies have not shown this conclusively 124 

(Lasiter and Kachele, 1990; Lasiter, 1991). To test this hypothesis directly, we 125 

examined the development of dendritic size, shape and spread in postnatal day (20) 126 

and adult control and ENaC KO male and female mice. Our results show that NST 127 

relay cell dendritic architecture in normally-developing and ENaC KO mice reaches 128 

maturity by P20. This age is before sodium salt taste activity fully matures in 129 

controls.  Unexpectedly, we found that the size of dendritic fields in ENaC KO mice 130 

became larger and more complex than controls with age, while the general shape of 131 

the dendritic fields remained similar to controls. Our surprising findings indicate 132 

that, while ENaC-mediated sodium salt taste activity appears not to be involved in 133 

the normal dendritic development of NST relay cells in control mice, it is required to 134 

maintain their mature dendritic organization.   135 

  136 
Materials and Methods 137 

Animals 138 
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 All experiments were approved by the University of Virginia Animal Care and 139 

Use Committee and followed guidelines set forth by the National Institutes of Health 140 

and the Society for Neurosciences. To examine the role of sodium salt taste on the 141 

development and organization of gustatory relay cell dendrites in the rostral NST, 142 

we used mice described in detail by Chandrasekhar et al., 2010. Briefly, the alpha 143 

subunit of the epithelial sodium channel ( ENaC) was conditionally deleted in taste 144 

bud cells by crossing mice that drove the expression of Cre-recombinase under the 145 

cytokeratin 19 (CreK19) promotor with mice that were homozygous for the floxed 146 

Scnn1a ( ENaC) gene (Scnn1aflox/flox). The CreK19 mice were generously supplied by 147 

Dr. Charles Zuker and Dr. Edith Hummler supplied the Scnn1aflox/flox mice. Therefore, 148 

our experimental animals had the genotype K19-Cre Scnn1aflox/flox ( ENaC KO). The 149 

control group consisted of mice that were littermates to experimental animals, but 150 

did not have the CreK19 promoter (Scnn1aflox/flox). To investigate the morphological 151 

development of dendrites, we retrogradely labeled relay cells in the NST at two 152 

significant developmental ages. First, we labeled NST relay cells in control and 153 

ENaC KO mice between postnatal days 18-22 (P20 Controls, 4 mice, 2 male/2 154 

female, 22 cells; P20 ENaC KO, 3 mice, 2 male/1 female, 31 cells). We chose this 155 

age group for three reasons. At this age taste responses to NaCl have not fully 156 

matured (Hill & Bour, 1985; Zheng et al., 2014), allowing us to assess how dendritic 157 

morphologies are  organized before peripheral taste input to the NST has matured. 158 

The terminal fields of gustatory nerves in the NST begin their developmental 159 

“pruning” around this time, suggesting this is a period when substantial functional 160 

and structural reorganization within the NST occurs (Fig 6; Sollars et al., 2006; 161 
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Mangold and Hill, 2008; Zheng et al., 2014).  And finally, animals younger than P18 162 

were too small to reliably fit into the stereotaxic device, making consistent targeting 163 

of the parabrachial nucleus (PBN; the next central relay beyond the NST) difficult.  164 

We also labeled NST relay cells in control and ENaC KO mice between 60 – 120 165 

days of age (Adult Control, 8 mice, 3 male/5 female, 123 cells; Adult ENaC KO, 10 166 

mice, 4 male/6 female, 81 cells). At these ages, both the peripheral taste responses 167 

and gustatory terminal fields in the NST are fully matured in control mice (Sollars et 168 

al., 2006; Mangold and Hill, 2008; Zheng et al., 2014;  Sun et al., 2017). There were 169 

no sex-related differences found in any of our experiments or analyses; therefore, 170 

male and female mice within the same experimental group were combined.  171 

 172 
Parabrachial Nucleus Injections 173 

To selectively label NST relay cells, we injected the retrograde tracer 174 

biotinylated dextran amine (BDA; Invitrogen, Carlsbad, CA; D7135) into the “waist” 175 

region of the parabrachial nucleus (PBN) (Fig 1A). This area is the primary target for 176 

NST relay cell axons and retrograde tracer injections here result in Golgi-like 177 

labeling of relay cells in the NST (Fig 1B-G) (Norgren and Leonard, 1971; Norgren 178 

and Pfaffmann, 1975; Whitehead, 1990; Tokita et al., 2009; Tokita and Boughter, 179 

2016). Mice were sedated with a 0.32 mg/kg (0.24 mg/kg for P20 mice) injection of 180 

Domitor® (medetomidine hydrochloride: Pfizer Animal Health, Exton, PA; I.M.) and 181 

anesthetized with 40 mg/kg (30 mg/kg for P20 mice) Ketaset® (ketamine 182 

hydrochloride: Fort Dodge Animal Health, Fort Dodge, IA; I.M.).  A water-circulating 183 

heating pad was used to maintain body temperature.  Mice were placed in a non-184 
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traumatic head holder (Erickson, 1966) and an incision was made along the midline 185 

on the top of the head to expose the animal’s skull. Bregma and lambda were aligned 186 

horizontally and two 2x2mm bilateral holes were drilled in the skull approximately 187 

5.2mm (5.1mm for P20 mice) caudal to bregma and 1.2mm (1.1mm for P20 mice) 188 

lateral to the midline (similar to Tokita et al., 2009; Tokita and Boughter, 2016).  A 189 

glass pipette filled with 10% 3kD BDA in 0.1M Citrate/NaOH buffer (pH 3.0) was 190 

slowly lowered 2.8mm (2.7mm for P20 mice) from the top of the cerebellum. This 191 

acidic solvent increased retrograde axonal uptake of the tracer and provided Golgi-192 

like cell labeling in the NST (Fig 1; Kaneko et al., 1996; Reiner et al., 2000; Corson 193 

and Erisir, 2013). BDA was injected iontophoretically with a 6μA positive current  194 

(7s on, 7s off) for 10min (Reiner et al., 2000; Fekete et al., 2015). Following the 195 

injection, the pipette tip was left in place without any positive current for 5 minutes 196 

to allow time for tracer uptake and to reduce backflow through the injection site.  197 

The pipette was then slowly raised out of the brain and the procedure was repeated 198 

on the other side of the brain. The animal’s scalp was then sutured or sealed using 199 

Vetbond™ and the animal was injected with 5 mg/ml (3.75mg/ml for P20 mice) 200 

Antisedan® (atipamezole hydrochloride: Pfizer Animal Health, Exton, PA; I.M) to 201 

promote reversal of anesthesia.   202 

Chorda Tympani Nerve Label 203 

 Procedures used to label the chorda tympani (CT) terminal field with 204 

fluorescent tracers were similar to that described previously in mouse (Sun et al., 205 

2015, 2017; Skyberg et al., 2017). Briefly, 24-hours after PBN injections, animals 206 

were anesthetized as described above, placed into a non-traumatic head holder 207 
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(Erickson, 1966), and maintained at 36°C with a water-circulating heating pad. The 208 

animal was placed into the supine position and an incision was made along the 209 

ventral midline of the neck. Musculature was retracted to expose the right tympanic 210 

bulla. The bulla was opened and the CT was cut peripheral to the geniculate 211 

ganglion.  Crystals of 3kD tetramethyrhodamine dextran amine (TMR; Thermofisher 212 

Scientific, Waltham, MA; D3308, RRID: AB_2315472) were placed on the central 213 

stump of the CT, and the opening of the bulla was filled with Kwik-Sil (World 214 

Precision Instruments, Inc.; Sarasota, FL) to prevent crystals from diffusing from the 215 

site of the intended label.  The incision was then sutured and the animal was revived 216 

using Antisedan® (atipamezole hydrochloride: Pfizer Animal Health, Exton, PA; 217 

I.M).   218 

Tissue Preparation 219 

Following a 48-hour survival period, animals were deeply anesthetized with 220 

urethane and transcardially perfused with Krebs-Henseleit buffer (pH 7.3), followed 221 

by 4% paraformaldehyde (pH 7.2). Brains were removed, postfixed in 4% 222 

paraformaldehyde overnight, and sectioned horizontally on a vibratome at 100μm.  223 

We chose to section tissue in the horizontal plane, as the dendritic arbors run 224 

parallel to this plane of sectioning, thus reducing the number of transected 225 

dendrites. It is also the plane in which the gustatory nerve axons branch from the 226 

solitary tract and project medially (Davis and Jang, 1988; Whitehead, 1988; Lasiter 227 

et al., 1989). Sections were then incubated in PBS containing 0.4% Triton for 1 hour 228 

and then placed in PBS containing 0.2% Triton with 1:400 streptavidin Alexa Fluor 229 

488 (Jackson ImmunoResearch Labs, Inc., West Grove, PA; 016-540-084, RRID: 230 
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AB_2315383) for 2 hours to visualize the biotinylated dextran amine-filled NST 231 

relay cells. The CT terminal fields were labeled with TMR and did not require 232 

further processing for visualization. Sections were mounted onto gel-coated slides 233 

and coverslipped with Vectashield Hard Mounting Medium (Vector Laboratories, 234 

Burlingame, CA). 235 

 To verify our stereotaxic injection parameters, one mouse from each group 236 

was injected and processed as described above. However, these brains were 237 

sectioned coronally at 100μm to allow for viewing of the injection tract as well as 238 

the center of the injection (Fig 1A). 239 

Confocal Microscopy 240 

 Tissue was imaged using a Nikon 80i microscope fitted with a Nikon C2 241 

scanning system (Nikon Instruments, INC., Melville, NY). NST relay cells were 242 

located and imaged using a 10x objective (Nikon, CFIPlanApo; NA=0.45) followed by 243 

a higher-resolution image taken with a 63x oil-immersion objective (Nikon, PlanApo 244 

VC; NA=1.4). The fluorescent labels were matched to the wavelengths of the 245 

respective lasers used to image the tissue (argon laser – 488nm, 10mW, NST relay 246 

cells; DPSS laser – 561nm, 10mW, CT). Sequential optical sections were captured 247 

every 1μm through the extent of every imaged cell. Images were obtained with 248 

settings adjusted so that pixel intensities were near (but not at) saturation.  249 

Data Analysis 250 

 Confocal images were imported into Neurolucida 11.11.12 (MBF Bioscience, 251 

Williston, VT, USA; RRID:SCR_001775) and reconstructions were made by tracing 252 

the dendritic architecture and cell bodies throughout the z-stack. These tracings 253 
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were then opened in Neurolucida Explorer 2.7 (MBF Bioscience, Williston, VT, USA; 254 

RRID:SCR_001775) and measures were taken on the dendritic architecture of each 255 

retrogradely-filled NST relay cell tracing. These measures included the number of 256 

primary dendrites, number of dendritic branch points, number of dendritic endings, 257 

dendritic length, mean dendritic length, and the dendritic complexity index (DCI). 258 

The DCI was determined from the following equation, DCI  = (sum of branch tip 259 

order + number of dendritic endings) * (total dendritic length/number of primary 260 

dendrites)(Pillai et al., 2012).  261 

 In addition to collecting basic measures of dendritic architecture, we also 262 

performed Sholl analyses (Sholl, 1956) on each of the traced NST-relay cells using 263 

Neurolucida Explorer 2.7 (MBF Bioscience, Williston, VT, USA; RRID:SCR_001775). A 264 

series of concentric rings were placed over the traced neuron, centered on the cell 265 

body. The centermost ring had a diameter of 20μm (the diameter of the largest 266 

possible NST relay cell soma) while each of the concentric rings successively 267 

increased their diameter by 5μm.  268 

 Finally, we calculated a polar histogram for each traced cell using 269 

Neurolucida Explorer 2.7 (MBF Bioscience, Williston, VT, USA; RRID:SCR_001775). 270 

This technique displays the length and direction of dendritic processes in a two-271 

dimensional format. These polar histograms show the total length of dendrites 272 

present within 20° bins, covering 360° in the horizontal plane. To normalize for the 273 

angle that horizontal brain sections were mounted onto slides, a straight line was 274 

drawn from the bottom to the top of the fourth ventricle (or along the midline 275 

whenever the ventricle was not present). Representative tracings were then rotated 276 
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as needed until the line was oriented vertically. We then reflected all cells from the 277 

left NST 180° horizontally (i.e., along the rostral-caudal axis of the brain). The 278 

resulting data sets were a collection of cells from the left and the right NST. 279 

 280 

Analysis of Relay Cells Along the Dorsal-Ventral Axis of the NST 281 

 To assess and compare the distributions of relay cells within the NST, we 282 

recorded and plotted the location of a majority of the retrogradely-filled relay cells 283 

(231 of 257) onto representative horizontal brainstem tracings. We were not able to 284 

reliably analyze the location of 26 relay cells because of significant degradation of 285 

the tissue. To be consistent with previous literature, cells were grouped into four 286 

zones based on the dorsal-ventral axis of the NST in which they were located. The 287 

landmarks used to define these four zones were similar to what has been reported 288 

previously in mouse (Sun et al., 2015, 2017; Skyberg et al., 2017) and rat (King and 289 

Hill, 1991; Krimm and Hill, 1997; May and Hill, 2006; Sollars et al., 2006; Mangold 290 

and Hill, 2008; Corson and Hill, 2011). The first zone, the far dorsal zone of the NST, 291 

is characterized by sections with a relatively large fourth ventricle, a small solitary 292 

tract in the rostral portion of the NST, and by a lack of the hypoglossal and facial 293 

nucleus. The far dorsal zone is located between 100μm and 300μm from the surface 294 

of the brainstem in mouse (Fig 2). The dorsal zone also contains the fourth ventricle 295 

but, in these sections, it does not extend as far in the medial-lateral plane as in the 296 

far dorsal zone. Sections from the dorsal zone have an NST that extends more 297 

rostrally than in the far dorsal zone, a solitary tract that occupies nearly the entire 298 

rostral-caudal extent of the NST, and the presence of the dorsal cochlear nucleus. 299 
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The dorsal zone is immediately dorsal to the hypoglossal nucleus and is located 300 

roughly 300μm to 500μm from the surface of the brainstem (Fig 2). The 301 

intermediate zone is characterized by a significant thinning of the fourth ventricle 302 

compared to the far dorsal and dorsal zones, the solitary tract is thinner and shorter 303 

than seen in the dorsal zone, the rostral pole of the NST extends further anteriorly 304 

than in the dorsal zone, and both the hypoglossal and facial nuclei are evident. The 305 

intermediate zone is located around 500μm and 800μm from the surface of the 306 

brainstem (Fig 2). The ventral zone is at a level immediately ventral to the fourth 307 

ventricle, the NST is less defined and narrow at its rostral-most extent compared to 308 

more dorsal zones, the ventral cochlear nucleus is apparent, and the hypoglossal 309 

and facial nuclei are evident. The ventral zone contains the remainder of the NST 310 

and is located roughly 800μm and 1200μm from the surface of the brainstem (Fig 311 

2). It should be noted that the NST is oriented within the brainstem with the caudal-312 

most portion of the NST positioned dorsal to the rostral-most portion of the NST 313 

(Ganchrow et al., 2014). That is, the NST extends rostrally and ventrally from the 314 

caudal-most extent of the NST. Therefore, the far dorsal zone more accurately 315 

represents the dorsal-caudal portion of the NST and the ventral zone represents the 316 

ventral-rostral portion of the NST.  317 

Chorda Tympani Nerve Neurophysiology 318 

 To establish that knockout of the Scnn1a gene in the tongue resulted in 319 

reduced functional CT responses to NaCl and to determine the normal development 320 

of ENaC function in control mice, we recorded taste-stimulus-evoked whole nerve 321 

activity from the CT of each group of mice using methods described previously (Sun 322 
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et al., 2015, 2017; Skyberg et al., 2017). Briefly, mice were anesthetized as described 323 

for the retrograde parabrachial injection procedure. The animals were then 324 

tracheotomized and placed on a circulating water heating pad to maintain body 325 

temperature. Hypoglossal nerves were transected bilaterally to prevent tongue 326 

movement, and the mouse was placed in a nontraumatic head holder. The left CT 327 

nerve was isolated using a mandibular approach. The nerve was exposed near the 328 

tympanic bulla, cut, desheathed, and positioned on a platinum electrode. A second 329 

electrode was placed in nearby muscle to serve as a reference. Kwik-Sil (World 330 

Precision Instruments, Inc.; Sarasota, FL) was placed in the cavity around the nerve 331 

to maintain a highly functioning preparation.  332 

Stimulation Procedure 333 

 All chemicals were reagent grade and prepared in artificial saliva (Hellekant 334 

et al., 1985). Neural responses from the CT were recorded to ascending 335 

concentrations series of 0.05, 0.1, 0.25, and 0.5 M NaCl to assess the taste responses 336 

to prototypical stimuli that represent salty to humans. Concentration series were 337 

bracketed by applications of 0.5M NH4Cl to monitor the stability of each preparation 338 

and for normalizing taste responses. Solutions were applied to the tongue in 5 ml 339 

aliquots with a syringe and allowed to remain on the tongue for ~20 sec. We used 340 

this period of stimulation so that we could measure the steady state responses. After 341 

the application of each solution, the tongue was rinsed with artificial saliva for >1 342 

min (Hellekant et al., 1985). This period allowed a full recovery of neural responses 343 

(i.e., the responses were not adapted by previous responses) (Shingai and Beidler, 344 

1985). In addition, responses to the NaCl concentration series were recorded in 345 
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presence of the ENaC blocker, amiloride (50 μM). Rinses during this series were 346 

with amiloride in artificial saliva. 347 

 All responses were calculated as follows: the average voltage of the 348 

spontaneous activity that occurred for the second before stimulus onset was 349 

subtracted from the voltage that occurred from the period from the first to sixth 350 

second after stimulus application. Response magnitudes were then expressed as 351 

ratios relative to the mean of 0.5M NH4Cl responses before and after taste 352 

stimulation. Whole nerve response data were retained for analysis only when 0.5M 353 

NH4Cl responses that bracketed a concentration series varied by <10%. 354 

Experimental Design and Statistical Analyses 355 

All measurements presented are given as means (  SEM). Prism 7 356 

(GraphPad; RRID:SCR_002798) was used for quantification and statistical analysis. 357 

Measurements of NST Relay Cell Location and Dendritic Morphology  358 

 Experiments investigating NST relay cell dendritic architecture were 359 

conducted in control and ENaC KO mice at P18-22 (P20 Control, 4 mice, 2 male/2 360 

female; P20 ENaC KO, 3 mice, 2 male/1 female) and P60-120 (Adult Control, 8 361 

mice, 3 male/5 female; Adult ENaC KO, 10 mice, 4 male/6 female). Neurons 362 

collected from different mice within the same age X experimental group were 363 

collapsed into a single group, resulting in four larger neural populations (22 cells 364 

from P20 control mice, 31 cells from P20 ENaC KO mice, 123 cells from adult 365 

control mice, 81 cells from adult ENaC KO mice). The chi-square test was used to 366 

compare the proportion of bipolar and multipolar cells in both animal groups at 367 

each age as well as to compare the distribution of relay cells along the dorsal-ventral 368 



 

 16 

axis of the NST between control and ENaC KO mice at both ages. A one-way ANOVA 369 

was used to statistically compare measures of dendritic architecture (number of 370 

primary dendrites, number of dendritic branches, total dendritic length, dendritic 371 

complexity) between control and ENaC KO mice at P20 and adulthood. To 372 

statistically compare the mean frequency and mean length of each order of dendrite 373 

between control and ENaC KO mice at P20 and adulthood, a two-way ANOVA was 374 

used (4 groups X 7 dendritic orders). Two-way ANOVAs were also used to compare 375 

measurements collected from Sholl analyses of cells from control and ENaC KO 376 

mice at P20 and adulthood (4 group X 47 distances from cell soma). We used the 377 

Bonferroni procedure to adjust the alpha level for multiple comparisons 378 

(Armstrong, 2014). P values ≤ 0.05 were regarded as statistically significant.  379 

Total Chorda Tympani Terminal Field Volumes  380 

 Experiments inspecting the total chorda tympani terminal field volume were 381 

done in control and ENaC KO mice at P20 (P20 Control, 6 mice, 3 male/3 female; 382 

P20 ENaC KO, 3 mice, 3 male/0 female) and P60-120 (Adult Control, 7 mice, 3 383 

male/4 female; Adult ENaC KO, 6 mice, 4 male/2 female). The mean (  SEM) total 384 

CT terminal field volume was calculated for control and ENaC KO mice at P20 and 385 

adulthood, and a one-way ANOVA was used to statistically compare these means. 386 

The Bonferroni procedure was used to adjust the alpha level for multiple 387 

comparisons (Armstrong, 2014) and only p values ≤ 0.05 were considered to be 388 

statistically significant.  389 

Chorda Tympani Whole Nerve Neurophysiology 390 
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 Experiments examining chorda tympani whole nerve taste responses were 391 

done in control and ENaC KO mice at P20 (P20 Control, 3 mice, 2 male/1 female; 392 

P20 ENaC KO, 2 mice, 1 male/1 female) and P60-120 (Adult Control, 5 mice, 3 393 

male/2 female; Adult ENaC KO, 3 mice, 1 male/2 female). A two-way ANOVA was 394 

used to compare mean (± SEM) relative CT responses (normalized to 0.5M NH4Cl 395 

responses) between P20 control, P20 ENaC KO, adult control, and adult ENaC KO 396 

mice to a concentration series of NaCl (4 groups X 4 concentrations). The Bonferroni 397 

procedure was used to correct for multiple comparisons (Armstrong, 2014). We 398 

considered p values ≤ 0.05 to be significant. 399 

Results 400 

 BDA injections into the “waist” region of the PBN resulted in Golgi-like, 401 

retrograde labeling of relay cells in the NST (Fig 1). For the relay cells from the P20 402 

control mice (n=22), only 2 cells (9.10%) were bipolar while 20 (90.9%) were 403 

multipolar. Similarly, of the 123 relay cell from adult control mice, only 16 (13.0%) 404 

were bipolar while 107 cells (87.0%) were multipolar. The relay cell populations in 405 

P20 ENaC KO and adult ENaC KO mice had similar proportions of bipolar and 406 

multipolar cells as the control sample. Of the relay cells from P20 ENaC KO mice 407 

(n=31), 3 cells (9.70%) were bipolar while 28 cells (90.3%) were multipolar. Of the 408 

81 relay cells from adult ENaC KO mice, 6 (7.40%) were bipolar and the remaining 409 

75 (92.6%) were multipolar. Statistical analysis using chi-square analysis confirmed 410 

that the distribution of bipolar and multipolar cells in all four groups were not 411 

statistically different from each other (X2 (3) = 1.72, p=0.634). These distributions 412 

were comparable to what has been reported in another study of rodent NST relay 413 
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cell morphologies (Corson and Erisir, 2013). See figure 1D-G for representative cell 414 

tracings from P20 control (Fig 1D), adult control (Fig 1E), P20 ENaC KO (Fig 1F), 415 

and adult ENaC KO mice (Fig 1G).  416 

There was variability in the number of labeled cells that we were able to 417 

collect from each mouse, especially within the adult control group (Supplemental 418 

Fig 1A). Despite this variability, a one-way ANOVA did not find a significant 419 

difference in the average number of cells labeled between groups (Supplemental Fig 420 

1A, F(3,24) = 2.849, p = 0.062). We note that this statistical test was near but not at 421 

the threshold for statistical significance. 422 

Distribution of Relay Cells Within the NST Along the Dorsal-Ventral Axis  423 

 Figure 2 shows the location of 231 of the 257 retrogradely-labeled relay cells 424 

in the NST, as defined with horizontal sections (Sun et al., 2015, 2017; Skyberg et al., 425 

2017). Relay cells were located throughout the dorsal ventral axis of the NST. About 426 

37 (16.0%) cells, regardless of group, were located in the far dorsal zone of the NST. 427 

The dorsal and intermediate zones contained a large majority of retrogradely-428 

labeled relay cells, 77 (33.3%) cells and 98 (42.4%) cells, respectively. Finally, the 429 

ventral zone only contained 19 (8.30%) retrogradely-labeled cells. This distribution 430 

reflects the relative percentage of terminal field label from the CT in control mice 431 

(Zheng et al., 2014; Skyberg et al., 2017; Sun et al., 2017, 2018). 432 

 The dorsal-ventral distribution of relay cells from adult control mice was not 433 

significantly different from adult ENaC KO mice (X2 (3) = 7.44, p=0.06). However, 434 

when we compared the dorsal-ventral distribution of relay cells from the P20 435 

control population with that of the adult control distribution, we found a statistically 436 
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significant difference (X2 (3) = 9.89, p=0.02). The distribution of relay cells from P20 437 

control mice was shifted to the far dorsal (27.0% in P20 controls vs 13.0% in adult 438 

controls) and dorsal (50.0% P20 controls vs 29.0% in adult controls) sections when 439 

compared to that in adult control mice. The distribution in P20 control mice also did 440 

not have relay cells in the ventral sections of the NST, skewing the distribution 441 

towards the dorsal sections. Thus, relay cells from the P20 and adult control 442 

populations were distributed differently along the dorsal-ventral axis of the NST, 443 

suggesting an alteration in the region-specific projection pattern from the NST to 444 

the PBN throughout development. However, this may also be due to the large 445 

differences in the number of cells in each of these control groups. Finally, the dorsal-446 

ventral distribution of P20 ENaC KO relay cells was not significantly different than 447 

that of the adult ENaC KO group (X2 (3) = 3.24, p=0.356). Thus, despite the large 448 

differences in the number of cells in these two neuronal populations in ENaC KO 449 

mice, they are sampled similarly along the dorsal-ventral axis of the NST (Fig 2). 450 

 451 

Relay Cells from Adult ENaC Mice Have More Complex Dendritic Fields 452 

 There were no significant differences between the mean (± SEM) number of 453 

primary dendrites of relay cells among P20 control (4.05 ± 0.3), adult control (3.72 454 

± 0.1), P20 ENaC KO (3.65 ± 0.7), and adult ENaC KO (4.12 ± 0.2) mice (Fig 3A; 455 

F(3,253) = 1.15, p = 0.330). Likewise, the mean number of primary dendrites of only 456 

the multipolar cells in each group was not significantly different among these 457 

groups (data not shown, F(3,226) = 1.78, p = 0.151). Thus, the number of primary 458 



 

 20 

dendrites of NST relay cells did not change throughout development and was not 459 

influenced by the absence of sodium taste activity during development. 460 

 While the number of primary dendrites was not affected by the removal of 461 

ENaC-mediated sodium taste activity, we found that the number of dendritic branch 462 

points was affected. The mean (± SEM) number of branch points was 1.6x-1.8x 463 

greater in cells from adult ENaC KO mice (7.30 ± 0.5) compared to cells from P20 464 

control (4.41 ± 0.6), adult control (4.09 ± 0.3) and P20 ENaC KO mice (4.52 ± 0.8). 465 

This difference was significant (Fig 3B, F(3,253) = 11.5, p < 0.0001). The mean 466 

number of dendritic branch points of relay cells from P20 control, adult control and 467 

P20 ENaC KO mice were not significantly different from each other (Fig 3B, p > 468 

0.05). Therefore, the variability in the mean number of dendritic branch points of all 469 

neurons among individual mice is not responsible for the significant group-related 470 

differences we report for dendritic branch points  (Supplemental Fig 1B). 471 

 Similar to the number of dendritic branch points, the total dendritic length of 472 

relay cells from adult ENaC KO mice was significantly greater than that of any 473 

other group (Fig 3C, F(3,253) = 9.59, p <0.0001). The mean (± SEM) dendritic length 474 

(μm) in cells from adult ENaC KO (692.76 μm ± 43.0) mice was 1.5-1.6x larger than 475 

that of cells from P20 control (441.51 μm ± 39.4), adult control (457.29 μm ± 24.7) 476 

and P20 ENaC KO mice (448.95 μm ± 80.6). The mean dendritic length in relay 477 

cells in P20 control, adult control and P20 ENaC KO mice were not different from 478 

each other (Fig 3C, p > 0.05). Calculating the mean dendritic length of all neurons 479 

from any one mouse illustrates that, while there is some variability from animal to 480 
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animal, the significant differences we report are not due solely to one or two 481 

animals (Supplemental Fig 1C). 482 

 These large differences in the mean dendritic length and number of dendritic 483 

branch points in the adult ENaC KO relay cell population resulted in a similar 484 

difference in the mean dendritic complexity index (DCI; Fig 3D). The DCI is a 485 

comprehensive measurement of the complexity a cell’s dendritic field (see methods 486 

for details). The mean (± SEM) DCI in relay cells in adult ENaC KO mice (7692.13 ± 487 

1032.6) was 2.3-2.8x larger than that of relay cells in P20 control (2716.15 ± 475.0), 488 

adult control (3314.65 ± 502.6) and P20 ENaC KO (2790.28 ± 501.2) mice (Fig 3D). 489 

These differences were statistically significant (F(3,253) = 8.84, p < 0.0001). There 490 

were no significant differences among the mean DCI of relay cells from P20 control, 491 

adult control and P20 ENaC KO mice (Fig 3D, p > 0.05). Figure 3E shows a box and 492 

whisker plot comparison of the DCI for both adult populations of relay cells (P20 493 

populations were not included due to small number of cells labeled in each 494 

population). A large majority of relay cells from adult ENaC KO mice (81.5%) had a 495 

DCI larger than the median DCI of the adult control population. Calculating the mean 496 

dendritic complexity of all neurons from any one mouse shows that while there is 497 

variability from animal to animal, the significant differences we report are not 498 

driven by a few outliers (Supplemental Fig 1D, Supplemental Fig 2). 499 

Relay Cells from Adult ENaC Mice Have Higher-Order Dendrites 500 

 The results above suggest that the increased complexity observed in relay 501 

cells from adult ENaC KO mice are due to changes in the number and/or length of 502 

higher-order dendrites (see Fig 3F for illustration of dendritic order). To study this, 503 
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we calculated the mean frequency (Fig 3G) and mean dendritic length (Fig 3H) of 504 

each order of dendrite for each group of cells. Statistical analysis found a significant 505 

effect of animal group on mean frequency (Table 1; F(3,1771) = 35.7, p <0.0001) 506 

and mean dendritic length (Table 1; F(3,1771) = 5.12, p = 0.002).  507 

 Consistent with what was reported above, there were no differences in the 508 

mean number of primary dendrites among neurons from P20 control, adult control, 509 

P20 ENaC KO, and adult ENaC KO mice (Fig 3E, Table 1). There were also no 510 

differences in the mean dendritic lengths of primary dendrites among neurons in 511 

P20 control, adult control, P20 ENaC KO or adult ENaC KO mice (Fig 3F, Table 1).  512 

 As was predicted, the Bonferroni post hoc test found that relay cells from 513 

adult ENaC KO mice had significantly more second (1.26x), third (1.94x), fourth 514 

(2.47x) and fifth-order (2.98x) dendrites than cells from adult control mice (Fig 3G, 515 

Table 1). However, the mean dendritic lengths of these dendritic groups were only 516 

significantly different when comparing fourth and fifth-order dendrites (Fig 3H, 517 

Table 1). Fourth and fifth-order dendrites were 1.70x and 2.46x longer in cells from 518 

adult ENaC KO mice than in cells from adult control mice. The mean dendritic 519 

length of third-order dendrites between adult ENaC KO and control mice was just 520 

above the threshold for significance (Table 1). 521 

 Adult ENaC KO mice also had more third and fourth-order dendrites than 522 

both the P20 control (1.79x and 2.99x, respectively) or P20 ENaC KO (1.69x and 523 

2.90x, respectively) populations (Fig 3G, Table 1). The mean dendritic lengths of 524 

these dendrites were not significantly different between any of these groups (Fig 525 

3H, Table 1).  526 
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There were no differences in the frequency or mean dendritic lengths 527 

associated with sixth- or seventh-order dendrites among any groups of relay cells 528 

(Fig 3G-H, Table 1). This was due, in part, to very few cells having sixth- or seventh-529 

order dendrites, regardless of group.   530 

 531 
Gross Dendritic Morphology and Orientation of Relay Cells from Adult ENaC 532 

KO Mice Appear Normal Despite Increased Dendritic Complexity 533 

 To assess how the increased dendritic complexity observed in relay cells 534 

from adult ENaC KO mice affected the overall dendritic morphology, we computed 535 

a Sholl analysis (see methods and Fig 4A’ for details). Briefly, Sholl analyses use a 536 

series of concentric circles, centered upon the cell soma, to assess how dendritic 537 

architecture changes as the dendrites extend from the cell soma (Fig 4A’). The 538 

number of times dendrites intersect with each concentric circle (Fig 4A) are then 539 

collected to assess how the dendritic field is spatially organized. 540 

 Figure 4A shows the results from a Sholl analysis, calculating the mean 541 

number of times dendritic material intersected with each concentric ring for each 542 

group of NST relay cells. As would be predicted from the dendritic complexity 543 

results shown above, relay cells in adult ENaC KO mice averaged significantly more 544 

dendritic intersections than any other group of relay cells (Fig 4A; F(3,11887) = 132, 545 

p < 0.0001). However, these differences were only significant within the first 125μm 546 

from the cell soma. Group-related differences were evident at adulthood.  The 547 

number of dendritic intersections for cells in adult ENAC KO mice were 548 

significantly greater than that from adult control mice, with differences occurring 549 
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20-110μm from the cell soma (Fig 4A, p < 0.05).  Moreover, we found that the 550 

number of dendritic intersections increased after P20 in ENaC KO mice, with age-551 

related differences occurring 35-95μm from the soma (Fig 4A, p < 0.05). Finally, the 552 

dendritic intersections of relay cells from the soma of adult ENaC KO mice were 553 

significantly greater than from P20 control mice (60-125μm) (Fig 4A, p < 0.05). 554 

Thus, a majority of the changes in the dendritic architecture seen in adult ENaC KO 555 

mice relay cells occurred within the first 125μm from the cell soma. 556 

 Interestingly, while relay cells from adult ENaC KO mice had significantly 557 

more intersections than that in the adult control mice, the overall shape of the 558 

curves created in the Sholl analysis were similar. Suggesting that the overall 559 

organization of dendrites of these two cell groups were similar, despite the 560 

differences in dendritic complexity and dendritic length. Likewise, comparing the 561 

shape of both curves from the two P20 groups with that of the adult control group 562 

implies that there may be a subtle developmental reorganization of dendritic 563 

material. That is, there appears to be a slight loss of dendritic material in the 564 

dendritic field closest to the cell soma coupled with a corresponding elaboration of 565 

dendritic fields further from the cell soma between P20 and adulthood. 566 

 We also asked if the removing ENaC-mediated taste activity altered the 567 

dendritic orientation preference that these NST relay cells maintain. Typically, these 568 

relay cells orient their dendritic fields parallel to the solitary tract, the source of 569 

gustatory input from the periphery (Davis, 1988; Corson and Erisir, 2013).  This 570 

results in a dendritic orientation preference that is roughly 30-45° from the 571 

horizontal (medial-lateral) axis. To assess if ENaC-mediated neural activity 572 
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impacted this orientation preference, we created polar histograms for each cell 573 

group (see methods and Fig 4B’ for details). Figure 4B shows the resulting 574 

normalized polar histograms from each cell group. We found that polar histograms 575 

for P20 control and P20 ENaC KO mice were similar to each other and relatively 576 

similar to that of the adult control relay cell group (Fig 4B). Furthermore, both P20 577 

groups and the adult control group had similar dendritic orientation preferences, 578 

which was roughly 45° off the horizontal (medial-lateral). Interestingly, while the 579 

adult ENaC KO relay cell polar histogram was larger than all other groups, likely 580 

reflecting their increased dendritic lengths, the overall orientation preference of 581 

these cells was similar to that of the other three groups (Fig 4B). Thus, the typical 582 

orientation preference that NST relay cells display develops relatively early in an 583 

animal’s life, before postnatal day 20, and does not require ENaC-mediated taste 584 

activity to occur.  585 

 586 
Chorda Tympani Terminal Fields Develop Abnormally and do not “Prune” in 587 

Adult ENaC KO Mice 588 

 We previously reported that ENaC-mediated taste activity is necessary for 589 

both the development and maintenance of gustatory terminal fields in the NST 590 

(Skyberg et al., 2017; Sun et al., 2017). Gustatory terminal field volumes in adult 591 

ENaC KO mice, lacking ENaC-mediated taste activity throughout life, were 592 

approximately 140% larger than that of adult control mice. However, terminal fields 593 

were only analyzed in adult control and ENaC-KO mice. Therefore, it is unclear if the 594 

terminal field changes occur before or after P20, when ENaC-mediated taste 595 



 

 26 

experience matures. Therefore, to gain an understanding of the developmental 596 

trajectory that these terminal fields take in both control and ENaC KO mice, we 597 

labeled the chorda tympani (CT) nerve in P20 and adult control and ENaC KO mice.  598 

 Fig 5 shows representative photomicrographs (Fig 5A-D) of the CT as well as 599 

quantification of the total CT terminal field volume (Fig 5E) for control and ENaC 600 

KO mice at the two developmental ages. Statistical analysis confirmed there was a 601 

significant difference in the total CT terminal field volume among groups (F(3,18) = 602 

42.7, p < 0.0001). Developmentally, mean CT terminal field volumes in control mice 603 

decreased with age (Fig 5A-B, E). The CT terminal field volume decreased by 56% 604 

throughout development. This difference was statistically significant (Fig 5E, p < 605 

0.0001). This developmental decrease in CT terminal field size was similar that 606 

reported in rat (May and Hill, 2006; Mangold and Hill, 2008) and mouse (Zheng et 607 

al., 2014). By contrast, the CT terminal field volumes increased between P20 and 608 

adulthood in ENaC KO mice. That is, the mean CT terminal field volumes 609 

underwent a 33% increase with age and was statistically significant (Fig 5C, D, E, p = 610 

0.0084). These age-related differences in terminal field development resulted in 611 

dramatic differences between controls and ENaC-KO mice at adulthood.  Terminal 612 

field volumes in adult ENaC KO mice were 140% larger than that found in age-613 

matched control mice (Fig 5E, p < 0.0001). Interestingly, the mean CT terminal field 614 

volumes in P20 control and P20 ENaC KO mice were nearly identical (p > 0.9999), 615 

suggesting these terminal fields develop similarly before P20, indicating that the 616 

absence of ENaC-mediated taste activity after P20 does not lead to a failure to 617 
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develop (i.e., they stay at the immature state), but rather leads to increased growth 618 

of the fields.  619 

Adult ENaC KO Mice Have a Loss of ENaC-Mediated Sodium Taste Activity 620 

Throughout Development 621 

 Figure 6 shows the integrated (Fig 6A-D) and normalized (Fig 6E-F) CT 622 

whole nerve taste responses to an increasing concentration series of NaCl in P20 623 

control (Fig. 6A, E), adult control (Fig 6B, E), P20 ENaC KO (Fig 6C, F) and adult 624 

ENaC KO (Fig 6D, F) mice. We found a clear developmental increase in the ability of 625 

NaCl to drive CT responses in control mice (Fig 6A, B, E). This is particularly evident 626 

when comparing CT responses to high concentrations of NaCl. The relative 627 

responses to 0.25M and 0.5M NaCl in P20 control mice were significantly less (40-628 

50%) than the respective responses in adult control mice (Fig 6E; F(3,48) = 58.92; 629 

significant posttest, p = 0.0001 – 0.0001). There were no significant differences 630 

between P20 control and adult control mice for relative responses to 0.05M and 631 

0.1M NaCl (Fig 6E; p > 0.9999). Interestingly, there were also differences in NaCl 632 

responses after lingual application of amiloride between P20 control and adult 633 

control mice. Relative CT responses to 0.5M NaCl after amiloride from P20 control 634 

mice were 50% less than the respective responses in adult control mice after 635 

amiloride (Fig 6E; p = 0.006). Finally, while there is a developmental increase in 636 

both the amiloride-sensitive and amiloride-insensitive salt transduction pathways 637 

in control mice, the observation that amiloride attenuates NaCl responses more in 638 

adult controls than P20 controls suggests that a majority of this development is 639 
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ENaC mediated (Fig 6E). These findings are similar to that reported in rat (Hill & 640 

Almli, Ferrell et al., Yamada, Hill & Bour). 641 

 By comparison, conditionally deleting the Scnn1a gene from taste bud cells 642 

had selective effects on CT whole nerve taste responses. Like adult control mice, 643 

increasing the concentration of NaCl in adult ENaC KO mice resulted in increased 644 

CT responses; however, the relative magnitude of  these responses were lower than 645 

that of adult control mice at all stimulus concentrations (Fig 6E-F). This resulted in 646 

significantly diminished (40-60%) relative CT responses to 0.25M and 0.5M NaCl in 647 

adult ENaC KO mice than the respective responses in adult control mice (Fig 6E-F; 648 

F(3,48) = 118.4; significant posttests, p = 0.0063 – 0.0001) and is similar to that 649 

previously reported (Chandrashekar et al., 2010; Skyberg et al., 2017; Sun et al., 650 

2017). Finally, while the average CT responses from P20 control mice are larger 651 

than that of P20 ENaC KO mice to any concentration of NaCl, these differences were 652 

not statistically significant (Fig 6E-F; p > 0.05). This may be due in part to higher 653 

variability of P20 control mice responses, potentially reflecting a period of 654 

significant sodium taste development.  655 

Importantly, the epithelial sodium channel blocker, amiloride, did not 656 

attenuate CT responses from either P20 ENaC KO or adult ENaC KO mice (Fig 6C, D, 657 

F), indicating two things. One, that removal of the Scnn1a gene was effective in 658 

eliminating ENaC-mediated taste activity, and two, the remaining responses in these 659 

ENaC KO mice were mediated by an amiloride-insensitive transduction pathway(s). 660 

Interestingly, both control and ENaC KO mice exhibit developmental increases in 661 

amiloride-insensitive CT whole nerve responses between P20 and adulthood (Fig 662 
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6), suggesting there is a postnatal development of the amiloride-insensitive salt 663 

transduction pathway in both mouse lines. Multiple studies have shown these 664 

amiloride-insensitive salt responses are dependent upon the anion component of 665 

salts (chloride here) (Elliot and Simon, 1990; Ye et al., 1993; Lewandowski et al., 666 

2016; Roebber et al., 2019). However, the transduction pathway(s) responsible for 667 

these anion responses are not as well understood. Lewandowski et al. (2016) 668 

suggest type 3 taste bud cells gate this amiloride-insensitive pathway while Roebber 669 

et al (2019) find a subset of type 2 taste bud cells to be responsible. Similarly, the 670 

receptor(s) mediating these amiloride-insensitive responses area also not well 671 

characterized. Regardless of the exact mechanisms, the observation that amiloride-672 

insensitive responses develop postnatally is novel and raises interesting questions 673 

regarding the molecular/cellular changes underlying this development.  674 

 In summary, between P20 and adulthood, there is an ENaC-mediated 675 

developmental increase in the ability of NaCl to drive whole nerve responses in 676 

control mice (Fig 6E). Removal of the Scnn1a gene in our ENaC KO mice prevented 677 

this developmental increase after P20 in the amiloride-sensitive CT responses and 678 

prevented sodium-elicited taste activity from entering the central gustatory system 679 

(Fig 6F). Finally, we found that there may also be a similar developmental change in 680 

the amiloride-insensitive pathway in both control and ENaC KO mice (Fig 6E-F).  681 

Discussion 682 

Removal of ENaC-mediated taste activity throughout life had significant 683 

effects on the development and maintenance of gustatory circuits in the mouse NST. 684 

Here, we show that the enlarged dendritic fields of gustatory relay neurons in the 685 
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NST of adult ENaC KO mice parallel that found for the terminal fields of gustatory 686 

nerves that make their inputs onto these neurons. Moreover, the substantial age-687 

related changes in terminal and dendritic field size in ENaC KO mice occur after P20, 688 

an age when ENaC-mediated peripheral taste responses begin to mature in 689 

normally-developing mice. These data suggest that there is a period of considerable 690 

reorganization in central gustatory circuity after P20 in both control mice with 691 

normal taste experience and ENaC KO mice lacking sodium taste experience. 692 

However, the direction of these changes was opposite: terminal field sizes in control 693 

mice decreased throughout early postnatal development while terminal fields and 694 

dendritic fields in ENaC KO mice increased in size. Collectively, these data are 695 

consistent with the hypothesis that peripheral taste-elicited activity short-circuits 696 

the default program driving expansion of gustatory nerve terminal fields and the 697 

dendrites of first-order central neurons that they innervate. 698 

Development of the First Central Gustatory Synaptic Relay in Control Mice 699 

In control mice, terminal fields of gustatory afferents undergo extensive 700 

changes in size after P20. Between P15 and adulthood the CT terminal field 701 

reorganizes, resulting in a 2-fold decrease in terminal field volume (Fig 5; Zheng et 702 

al., 2014). Around P30 these terminal fields reach a mature organization and are 703 

maintained throughout the animal’s life (Zheng et al., 2014). This developmental 704 

period coincides with an increase in taste response magnitudes (particularly to 705 

NaCl) in these same nerves. Interestingly, the postsynaptic dendritic fields appear 706 

fully mature well before the presynaptic terminal fields have begun their apparent 707 

activity-dependent reorganization. While a causal relationship between the 708 
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development of pre- and postsynaptic elements of this circuit is not readily 709 

apparent, understanding changes at the synaptic level may provide useful. Wang et 710 

al. (2012) found an age-dependent decrease in the number of CT terminal synapses 711 

in the rat NST, as would be predicted by the developmental decreases in total CT 712 

terminal field volume in rat (May and Hill, 2006; Mangold and Hill, 2008) and mouse 713 

(Fig 5; Zheng et al., 2014). Interestingly, they report a substantial developmental 714 

decrease in number of CT synapses onto GABAergic targets (Wang et al., 2012). 715 

There is also evidence that the decrease in terminal field size and numbers of 716 

synapses are paradoxically accompanied by an age-related increase in functional 717 

taste responses from the NST, especially to NaCl (Hill et al., 1983). Therefore, 718 

terminal field pruning throughout development may, in part, reflect synaptic 719 

reorganization away from GABAergic targets and towards NST relay cells. Future 720 

research measuring changes in the number, location, and strength of gustatory 721 

synapses onto NST relay cells will provide useful in further understanding the 722 

postnatal development of this circuit. 723 

Development of the First Central Gustatory Synaptic Relay in ENaC KO Mice  724 

Removal of ENaC-mediated sodium taste activity, beginning embryonically 725 

and continuing throughout development had multiple effects on the postnatal 726 

organization of gustatory circuits in the NST. CT terminal fields in ENaC KO mice not 727 

only failed to prune but, instead, expanded in volume into adulthood. It is not clear if 728 

the lack of change in peripheral input around P20 in our ENaC KO mice may be 729 

driving this abnormal growth in terminal and dendritic fields or simply coincides 730 

with this dendritic expansion. Regardless of the specific mechanism, it is possible 731 
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that the wholesale anatomical changes could produce profound changes in taste-732 

related function and behavior. For example, Chandrashekar et al. (2010) report that 733 

taste-related behaviors are largely the same between ENaC KO and control mice, 734 

with the exception of responses to appetitive concentrations of NaCl. Specifically, it 735 

appears as though appetitive aspects of NaCl in salt appetite are blunted or 736 

eliminated in these mice, the normal avoidance of high concentrations of NaCl are 737 

left intact.  Moreover, our findings here suggest a significant alteration in the way 738 

that brainstem taste neurons will process (i.e., code) taste stimuli.  739 

Role of ENaC-Mediated Activity in Development and Maintenance of the First 740 

Central Gustatory Synaptic Relay 741 

  The results from these and other experiments illustrate multiple effects of 742 

removing ENaC-mediated sodium taste activity throughout an animal’s life. Indeed, 743 

the effects of removing ENaC activity on the terminal and dendritic fields were not 744 

identical. In the case of the terminal fields of gustatory afferents, the normal 745 

developmental decrease in terminal field size was prevented in ENaC KO mice, 746 

suggesting that sodium salt activity can drive this developmental “pruning” of 747 

terminal fields in the NST (Fig 7; Sun et al., 2017).  We have also shown that the 748 

maintenance of mature terminal fields is dependent upon ENaC-mediated sodium 749 

taste activity, without which terminal fields revert back to an immature, enlarged 750 

organization (Skyberg et al., 2017). By contrast, the dendritic fields show a different 751 

dependence upon this ENaC-elicited taste activity. Because the dendritic fields 752 

resemble a mature organization by P20 in control mice, which is before ENaC-753 

mediated activity has fully matured, it is unlikely that this reorganization is driven 754 
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by ENaC activity. However, similar to terminal fields, the maintenance of NST 755 

dendritic fields after P20 appears dependent upon ENaC-mediated sodium taste 756 

activity (Fig 3, 7).  Therefore, while there are differences in the specific ways ENaC 757 

activity modulates the pre- and postsynaptic elements of the gustatory NST circuit, 758 

removing this activity always results in an elaboration of the elements within this 759 

circuit (Fig 7; Skyberg et al., 2017; Sun et al., 2017). One intriguing explanation for 760 

this observation is that dendritic and axonal elongation are the default growth 761 

patterns for these gustatory cells and neuronal activity attenuates this innate 762 

program. In fact, this has been proposed to occur during the morphological 763 

development of retinogeniculate axons in the dLGN (Stretavan et al., 1988) as well 764 

as during dendritic development of Purkinje cells in the murine cerebellum 765 

(Schilling et al., 1991).  766 

The Specificity of Altered NST Cells. 767 

 One unique benefit of using ENaC KO mice as a model to assess the roles 768 

neural activity plays in the development and organization of gustatory circuitry is 769 

that these mice only lack taste activity from a single transduction pathway (salty) 770 

(Chandrashekar et al., 2010; Skyberg et al., 2017; Sun et al., 2017). Given the 771 

specificity of our functional knockout in the periphery, one may expect the central 772 

effects to exhibit some specificity as well. Put more simply, if we are only removing 773 

sodium salt taste are we also only altering one subgroup of NST relay cells? While it 774 

is impossible to determine this conclusively without also knowing the taste 775 

response profiles of each of these cells, analysis of the dendritic complexity across 776 

adult control and ENaC KO populations is consistent with the idea that dendritic 777 
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growth occurs in a majority of cells rather than one subpopulation. That is, 81.5% of 778 

ENaC KO cells (66 out of 81) had dendritic complexity measures larger than the 779 

median dendritic complexity of the adult control sample (Fig 3E). Furthermore, 780 

plotting box and whisker plots for the dendritic complexity of each population 781 

shows that both the lower and upper quartile, as well as the range, are substantially 782 

higher in the adult ENaC population when compared to the adult control population 783 

(Fig 3E). This is consistent with a wholesale increase in dendritic complexity rather 784 

than an increase in only one subpopulation of cells. Finally, it has been reported that 785 

the majority of rodent NST relay cells are generally broadly tuned and respond to 786 

more than one taste stimuli, indicating there may not be a large number of 787 

physiologically defined subpopulations of NST relay cells that would be specifically 788 

affected by deletion of peripheral sodium salt taste (Hill et al., 1983; Sato and 789 

Beidler, 1997; Cho et al., 2002; Carleton et al., 2010). However, a recent study has 790 

shown a population of NST relay cells that selectively respond to sour stimuli 791 

(Zhang et al., 2019), suggesting there may be subpopulation of neurons in our data 792 

that are unaffected by the functional removal of ENaC.  793 

Conclusion 794 

 We show here that removal sodium salt taste beginning embryonically and 795 

continuing throughout development had large effects on the development and 796 

organization of gustatory circuits in the NST. Both gustatory afferent terminal fields 797 

and the dendritic fields of NST relay cells were significantly larger in adult ENaC KO 798 

mice than in age-matched controls. Furthermore, the effects of removing sodium 799 

taste responses did not occur until after P20, which is when functional taste 800 
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responses in control mice increase in magnitude. Collectively, these data suggest the 801 

earliest central synaptic relay in the gustatory system is plastic late into 802 

development and the normal formation of these circuits is directed by sufficient 803 

amounts of neural inputs that relate to sodium salt taste.   804 
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 Table 1 – Significant Results 

 1 

Order of Dendrite Significant Comparisons Number of Dendrites  
P-Values 

Mean Dendritic Length 
P-Values 

  F(6,1771) = 193.5 F(6,1771) = 98.81 
First Order None No Significance No Significance 

Second Order Adult ENaC KO – 
Adult Control P < 0.0001 P = 0.9816 

 Adult ENaC KO – 
Adult Control P < 0.0001 P = 0.0514 

Third Order Adult ENaC KO – 
P20 Control P < 0.0001 P = 0.9982 

 Adult ENaC KO – 
P20 ENaC KO P < 0.0001 P = 0.0569 

 Adult ENaC KO – 
Adult Control P < 0.0001 P = 0.0117 

Fourth Order Adult ENaC KO – 
P20 Control P < 0.0001 P = 0.0593 

 Adult ENaC KO – 
P20 ENaC KO P < 0.0001 P = 0.0575 

Fifth Order Adult ENaC KO – 
Adult Control P = 0.0085 P = 0.0225 

Sixth Order None No Significance No Significance 
Seventh Order None No Significance No Significance 

 


